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ABSTRACT  10 
Exploration of sustainable fuels and their influence on reductions in diesel emissions are nowadays a challenge 11 
for the engine and fuel researchers. This study investigates the role of fuel-borne oxygen on engine 12 
performance and exhaust emissions with a special emphasis on diesel particulate and nitric oxide (NO) 13 
emissions. A number of oxygenated-blends were prepared with waste cooking biodiesel as a base oxygenated 14 
fuel. Triacetin, a derivative from transesterified biodiesel was chosen for its high oxygen content and superior 15 
fuel properties. The experimental campaign was conducted with a 6-cylinder, common rail turbocharged diesel 16 
engine equipped with highly precise instruments for nano and other size particles and other emissions. All 17 
experiments were performed in accordance with European Stationary Cycle (ESC 13-mode). A commercial 18 
diesel was chosen as a reference fuel with 0% oxygen and five other oxygenated blends having a range of 6.02-19 
14.2% oxygen were prepared. The experimental results revealed that the oxygenated blends having higher a 20 
percentage of fuel-borne oxygen reduced particulate matter (PM), particle number (PN), unburned 21 
hydrocarbon (UBHC) and carbon monoxide (CO) emissions to a significantly low level with a slight penalty 22 
of NO emissions. The main target of this study was to effectively utilise triacetin as an additive for waste 23 
cooking biodiesel and suppress emissions without deteriorating engine performance. The key finding of this 24 
investigation is the significant reductions in both particle mass and number emissions simultaneously without 25 
worsening engine performance with triacetin-biodiesel blends. Reductions in both particle mass and number 26 
emissions with a cost-effective additive would be a new dimension for the fuel and engine researchers to 27 
effectively use triacetin as an emission suppressor in the future. 28 
Key words: Fuel-borne oxygen, engine performance, diesel particles and NO emissions. 29 
1. INTRODUCTION 30 
 31 
Rigorous emission guidelines in many countries have motivated fuel and engine researchers to explore 32 
sustainable and cleaner fuels. Oxygenated fuels play an important role to reduce diesel emissions especially 33 
diesel soot and PM emissions [1-4]. Kurtz et al. [5] reported 91% to 97% reductions in PM emissions with 34 
oxygenated fuels. Miyamoto et al. [6] reported significant reductions in diesel emissions with oxygenated fuels 35 
and they also reported that the reductions entirely depended on oxygen content in the fuel. Imdadul et al. [7] 36 
did engine experiment fuelling with alcohol-biodiesel-diesel blends. The majority of the emissions were 37 
reported lower except NO emissions. Khiari et al. [8] conducted experiments with a pistacia lentiscus biodiesel 38 
having 9.9% oxygen. The authors reported significant reductions in CO, THC and particulates at higher engine 39 
loads, however, higher NOx emissions were reported with the same biodiesel. Fueling an engine with neat 40 
biodiesel fuels from marine microalga Chlorella variabilis and wasteland-compatible Jatropha curcas leads 41 
to significant reductions in major diesel emissions include CO, THC and PM emissions compared to diesel, 42 
but higher NOx emissions were reported [9]. Hoque et al. [10] produced biodiesels from low-cost feedstocks 43 
including used cooking oil and animal fat by the well-known transesterification process. Glycerol is a by-44 
product of during biodiesel production and can be considered one of the promising low-cost feedstocks for 45 
producing a wide range of chemicals [11]. Triacetin, a derivative of glycerol is considered to be a good bio-46 
additive [11]. Rao et al. [12] did engine experiments with biodiesel and triacetin blends and reported lower 47 
emissions including NO and smoke emissions. Pathak et al. [13] did an investigation with biodiesel-triacetin, 48 
and biodiesel-ethanol blends and reported lower CO, HC and smoke emissions with all blends at higher loads, 49 
but higher NOx emissions. Lacerda et al. [14] also did an investigation with diesel-triacetin and biodiesel-50 
triacetin blends and reported small reductions in CO, O2 and opacity with the blends, but no changes in NOx 51 
and CO2 emissions were reported.  52 
The triacetin is considered to be a cost-effective additive as it is derived from transesterified by-product crude 53 
glycerol. The tested triacetin was in the pure (99%) form. The authors conducted a miscibility test with triacetin 54 
and waste cooking biodiesel and found no phase separation after 96 hours. Melero et al. [15] tested several 55 
fuel properties of different triacetin-biodiesel blends. Adding 10% triacetin to biodiesel most of the properties 56 
were within biodiesel standard limit. After a careful consideration of engine life, the blending percentage in 57 
the current investigation was limited to 10 and based on the different properties of a 10% blend, the authors 58 
believe that 10% blend will not be harmful to a diesel engine’s life. Moreover, in the present investigation, the 59 
tested triacetin contains 99% ester composition. 60 
Diesel engine performance and exhaust emissions with triacetin have been conducted by some researchers. 61 
The majority of the published reports showed engine emissions including smoke, unburnt hydrocarbon 62 
(UBHC), carbon monoxide, carbon dioxide and oxides of nitrogen (NOx) emissions. However, an exhaustive 63 
search in the literature review revealed that the influence of triacetin-waste cooking biodiesel on engine 64 
performance and emissions particularly on particle mass and number emissions have not been investigated so 65 
far. The target of this investigation was to effectively utilise triacetin as an additive for waste cooking biodiesel 66 
and suppress emissions without deteriorating engine performance. 67 
 68 
2. MATERIAL AND METHODS 69 
2.1 Test engine and fuels 70 
All experimental measurements were conducted with a fully instrumented 6-cylinder turbocharged common 71 
rail diesel engine with a compression ratio of 17.3. The engine specifications are listed in Table 1. Figure 1 72 
shows the schematic diagram of the experimental setup while Figure 2 shows a photographic image of the test 73 
engine. The raw exhaust gas was diluted in a partial flow dilution tunnel. The diluted exhaust gas was directed 74 
to a fast aerosol mobility spectrometer DMS500 (Cambustion Ltd.), a SABLE CA-10 CO2 analyser and a 75 
DustTrak (TSI 8530). The raw exhaust was sent to a CAI 600 series CLD NOx analyser and a CAI 600 series 76 
CO2 analyser. The dilution ratio was calculated based on the raw and diluted exhaust. Details of engine 77 
particulars and gas sampling can be found in Rahman et al. [16]. The dilution ratio was calculated with the raw 78 
and diluted CO2 data and was varied from 2 to 25 for 13-mode ESC operation. In accordance with ESC 13-79 
mode protocol, the engine was run for 13 different modes with a specific time for the individual mode. For an 80 
ESC-13-mode, exhaust gaseous emissions were measured and appropriately weighted by the required 81 
weighting factor.  The detail of the operation for each mode is shown in Figure 2 and Table 3. Oxygenated 82 
blends were formulated in such a way so that the oxygen in the blends was in the range of 6.02-14.23%. Due 83 
to the solubility issue of triacetin to waste cooking biodiesel, a maximum of 10% triacetin was added to the 84 
waste cooking biodiesel. No phase separation was noticed in any of the blends even after 96 hours. Some 85 
important properties of the test fuels are given in Table 2. For detailed information regarding fuel properties 86 
in Table 2, readers are referred to publications [17, 18]. In Table 2, the notation D100 indicates 100% diesel 87 
(neat diesel); D60B35T5 denotes diesel 60%, biodiesel (waste cooking) 35% and triacetin 5%; B100 stands 88 
for biodiesel 100% (neat biodiesel), T100 indicates triacetin 100%, T4B96 represents triacetin 4% and diesel 89 
96%; T8B92 designates triacetin 8% and biodiesel 92% and T10B90 symbolises triacetin 10% and biodiesel 90 
90%. All blending percentages mentioned above were in volume basis. All measurements were conducted in 91 
accordance with the ESC-13-mode protocol (Figure 3) and the specific time with loading condition is shown 92 
in Table 3. In the Figures, the legend black solid circle indicates 0% (D100), red solid circle denotes 6.02% 93 
(D60B35T5), green solid circle indicates 10.93% (B100), violet solid circle indicates 12.25% (T4B96), light 94 
blue solid circle indicates 13.57% (T8B92), and orange solid circle indicates 14.23% (T10B90). In Figure 5(a), 95 
there are three different legends used for three different engine speeds with the same colours mentioned above. 96 
Solid circle indicates for a speed of 1472 rpm, open circle represents for an 1865 rpm and open triangle exhibits 97 
for a 2257 rpm. The legends used in Figures 5(b) and 5(c) are for1865 rpm and 2257 rpm. 98 
Table 1. Engine specifications. 99 
Engine model/type Cummins ISBe220 31 
Number of cylinders 06 
Injection type High pressure common rail 
Number of valves 4 in each cylinder 
Bore x stroke (mm) 102 x 120 
Displacement volume (cm3) 5900 
Maximum power @2500 rpm (kW) 162 
Maximum torque @1500 rpm (Nm) 820 
Compression ratio 17.3:1 
Dynamometer type Hydraulic 
Emissions standard Euro III 
 100 
 101 
 102 
 103 
Table 2. Fuel properties. 104 
Properties D100 B100 T100 D60B35T5 T4B96 T8B92 T10B90 
Density @15C (g/cc) 0.84 0.87 1.159 0.866 0.882 0.893 0.898 
Net heating value (MJ/kg) 41.77 37.2 16.78 38.92 36.38 35.57 35.16 
Kin. viscosity@40C (mm2/s) 2.64 4.82 7.83 3.66 4.94 5.06 5.12 
Cetane number 53.3 58.6 15 53.24 56.86 55.11 54.24 
O (wt%) 0 10.9 44 6.02 12.3 13.6 14.2 
C (wt%) 85.1 76.93 49.53 80.46 75.81 74.73 74.19 
H (wt%) 14.8 12.21 6.42 13.47 11.97 11.74 11.63 
Stoichiometric A/F ratio  14.89 12.59 6.02 13.87 12.33 12.07 11.94 
Average formula C7.09H14.8 C6.41H12.21O0.68 C9H14O6 C6.71H13.47O0.38 C6.32H11.97O0.77 C6.23H11.74O0.85 C6.18H11.63O0.89 
 105 
 106 
 107 
 108 
 109 
 110 
 111 
 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
Figure 1: Schematic of the experimental set up. 122 
 123 
 
Figure 2: Photographic image of a test engine. 
 
Figure 3: European Stationary Cycle (ESC) [19]. 
Table 3. European stationary cycle (ESC) test mode [19]. 124 
Mode RPM Load (%) Weight (%) Duration (min) 
1 Low idle 0 15 4  
2 A 100 8 2  
3 B 50 10 2  
4 B 75 10 2  
5 A 50 5 2  
6 A 75 5 2  
7 A 25 5 2  
8 B 100 9 2  
9 B 25 10 2  
10 C 100 8 2  
11 C 25 5 2  
12 C 75 5 2  
13 C 50 5 2  
 125 
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The current investigation was performed based on the 13-Mode European Stationary Cycle (ESC). The ESC 126 
cycle has three different speeds and five different loads as shown in Table 3. The three speeds in the ESC cycle 127 
were calculated based on the following equations [19]. The nhi in the following equations was the highest 128 
engine speed, where 70% of the maximum power occurs, whereas, nlo was the lowest engine speed, where 129 
50% of maximum power occurs respectively. The nhi and nlo were achieved by mapping the engine speed and 130 
power. 131 
 132 
A = nlo + 0.25(nhi - nlo) 133 
B = nlo + 0.50(nhi - nlo)    134 
C = nlo + 0.75(nhi - nlo)  135 
 136 
3. RESULTS AND DISCUSSION 137 
3.1 Effect of engine load on fuel-air equivalence ratio 138 
 139 
 140 
                   Figure 4: Effect of engine load on fuel-air equivalence ratio. 141 
 142 
 143 
Figure 4 plots fuel-air equivalence ratio with respect to engine load for the reference diesel and five oxygenated 144 
blends. For all fuels, Figure 4 exhibits four different loads ranging from a quarter to full load each having three 145 
different engine speeds (1472 rpm, 1865 rpm, and 2257 rpm). Generally, it can be seen from Figure 4 that at 146 
all speeds, fuel-air equivalence ratio increases with the increase in engine loads. This is associated with the 147 
higher amount of fuel injection into the engine cylinder. Fuel-air equivalence ratio reaches the maximum level 148 
at an engine load of 100%. Oxygenated blends have lower stoichiometric air-fuel ratios than the reference 149 
diesel that leads to a leaner mixture compared to the reference diesel [20].  It can also be seen from the Figure, 150 
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for all engine loads, the higher fuel-air equivalence ratios are observed at a lower engine speed. The results in 151 
Figure 4 confirmed leaner combustion with the oxygenated blends. 152 
 153 
The stoichiometric air-fuel ratio for different blends including neat biodiesel and neat diesel were calculated 154 
and found to be in the range of 11.94-14.89 (Table 2). In the current investigation, the engine was run with 155 
ESC 13-mode. Details of the engine operating conditions with no load to full load and three different speeds 156 
of 1472 rpm, 1865 rpm and 2257 rpm are shown in Table 3. The actual air-fuel ratios for diesel fuel were 157 
ranged from 38 to 99 and for 6.02%, 10.93%, 12.25%, 13.57, 14.25% blends were in the ranges of 37-91, 36-158 
89, 35-88, 34-86 and 33-86 respectively. Pham et al. [21] performed diesel engine experiment with four 159 
different biodiesels and diesel fuel and found air-fuel ratios around 67 for diesel fuel at 2000 rpm. Authors 160 
also showed the stoichiometric air-fuel ratios for diesel fuel of 14.5 and the four biodiesels were 11.12, 12.05, 161 
12.48 and 12.5. The current investigation is a good agreement with Pham et al. [21].   162 
 163 
3.2 Correlation between fuel-air equivalence ratio and CO2 emissions 164 
 165 
It is widely acknowledged that the more a fuel is burnt, the more the CO2 emissions are produced and thus, 166 
globally the reduction of fuel consumption results in a reduction of CO2 emissions, which is the utmost target 167 
for the fuel and engine researchers. Figure 5(a) illustrates a correlation between fuel-air equivalence ratio and 168 
CO2 emissions. It can be seen from the Figure that the CO2 emissions increase with the increase in fuel-air 169 
equivalence ratio. The increases in fuel-air equivalence ratio indicate the increases in fuel consumption. It is 170 
interesting to note that although the CO2 emissions increase with the increase in fuel-air equivalence ratio but 171 
it does not show any significant difference among the fuels. However, a slight increase in CO2 emissions with 172 
oxygenated blends indicates better combustion with these fuels and expects lower carbon related emissions.  It 173 
is also obvious from Figure 5(a) that the increase in CO2 emissions is linear with respect to fuel-air equivalence 174 
ratio. The R2 for the six fuels showed in Figure 5(a) varies from 0.9054 to 0.9659 for 1472 rpm; 0.9806 to 175 
0.9987 for 1865 rpm and 0.9793 to 0.9885 for 2257 rpm. The R2 values show that there is a very good 176 
correlation between fuel air equivalence ratios and CO2 emissions. 177 
 178 
Figure 5(a): Effect of fuel-air equivalence ratio on CO2 emissions for the reference diesel and oxygenated 179 
blends (Figure legends: solid circle: 1472 rpm; open circle: 1865 rpm; open triangle: 2257 rpm). 180 
 181 
 182 
Figure 5(b): Influence of fuel-air equivalence ratio 
on CO2 emissions for the reference diesel and 
oxygenated blends (engine speed: 1865 rpm). 
Figure 5(c): Influence of fuel-air equivalence ratio 
on CO2 emissions for the reference diesel and 
oxygenated blends (engine speed: 2257 rpm). 
 183 
For better understanding of the relationship between fuel-air equivalence ratio and CO2 emissions, Figures 184 
5(b) and 5(c) plot to show their relationship for two different speeds of 1865 rpm and 2257 rpm. It can be 185 
clearly seen from these two Figures that at a speed of 1865 rpm, the fuel-air equivalence ratio reaches up to a 186 
maximum value of 0.38 corresponding to CO2 emissions of 11% while the lowest value of fuel-air equivalence 187 
ratio was found to be 0.16 corresponding to CO2 emissions of 4.5%. On the contrary, for a speed of 2257 rpm, 188 
the maximum and minimum fuel-air equivalence ratios were found to be 0.32 and 0.13 respectively, 189 
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corresponding to the CO2 emissions of 9.2% and 4.3% correspondingly. Thus, lower equivalence ratio, which 190 
necessarily means lower fuel consumption results in lower CO2 emissions. 191 
 192 
3.3 Engine out emissions 193 
3.3.1 NO emissions 194 
There are three ways of NOx formation mechanisms. Those are thermal NOx, prompt NOx and fuel NOx [22]. 195 
Thermal NOx: Thermal NOx is produced by combining air nitrogen with oxygen in the combustion chamber 196 
due to a high temperature. Thermal NOx is the principal provider of NOx emissions from the combustion of 197 
diesel fuel. According to extended Zeldovich mechanism, the thermal NOx formation is as follows [22]: 198 
O + N2  
k1
↔  N + NO 199 
N + O2  
k2
↔  O + NO 200 
N + OH 
k3
↔  H + NO 201 
Where, k1, k2 and k3 are the forward reactions rate constants. 202 
The thermal NOx is increased at higher temperatures generally higher than 1100C. Thus, the reduction in 203 
flame temperatures during combustion is the way of reduction of thermal NOx. Among a few strategies to 204 
reduce thermal NOx, exhaust gas recirculation and retardation of injection timing are the two noteworthy 205 
systems.  206 
 207 
Prompt NOx: Prompt NOx is formed in the combustion chamber after the reaction of hydrocarbon species with 208 
nitrogen to form HCN. The nitrogen-born fragments are then reacted with air-borne nitrogen. The following 209 
reactions are the mechanism of formation of prompt NOx [22]: 210 
CH + N2  ↔ HCN + N 211 
CH2 + N2  ↔ HCN + NH 212 
N + O2  ↔ NO + O 213 
HCN + OH ↔ CN + H2O 214 
CN + O2  ↔ NO + CO 215 
 216 
The major contributors to the formation of prompt NOx are CH and CH2 as shown in previous equations. The 217 
formation of prompt NOx is proportional to the number of carbon atoms in each unit volume. Prompt NOx 218 
does not depend of the parent hydrocarbon. The formation of HCN increases with the increase in hydrocarbon 219 
radicals and the hydrocarbon radicals increase with the increase in equivalence ratio. Prompt NOx increases 220 
with the increase in fuel air equivalence ratio, reaches to a maximum value and then decreases because of the 221 
deficiency of oxygen [22]. 222 
 223 
Fuel NOx: Fuel NOx is produced during combustion process when fuel borne nitrogen combines with excess 224 
oxygen. The mechanism of fuel NOx formation includes the formation of the species of intermediate nitrogen 225 
including HCN, NH, NH3, and CN. These species are then oxidized and form NOx. In the current study, waste 226 
cooking biodiesel inherently does not contain nitrogen content and thus fuel NOx with biodiesel blends is 227 
insignificant [22].  228 
 229 
Figure 6(a) shows a comparison of NO emissions with the reference diesel and each of five other oxygenated 230 
blends for 13 different modes as per ESC 13-mode protocol. NO emissions with each oxygenated blend show 231 
higher compared to the reference diesel having 0% oxygen over the entire 13-mode range. Oxygenated blends 232 
emit slightly higher amounts of NO emissions at most of the modes compared to those of the reference diesel. 233 
Generally, the higher amount of NO emissions at Modes 2, 6, 8, 10 and 12 results from the blends having 234 
higher oxygen content. A maximum of 600 ppm NO emissions were observed at Modes 2 and 6, which are 235 
obviously from high load conditions while a minimum of 125 ppm was observed at mode 11, which is a low 236 
load condition. Although NOx emissions are not showed in the Figure, they were found to be higher with 237 
similar trends to NO emissions for oxygenated blends compared to those of diesel fuel. Figure 6(b) compares 238 
brake specific NO emissions for a whole ESC 13-mode test cycle with the reference diesel and five oxygenated 239 
blends. It is to be noted that the emissions were measured in accordance with ESC 13-mode protocol using 240 
prescribed weighting factors for each mode shown in Table 3. The results in Figure 6(b) mirrored similar trends 241 
to Figures 6(a) indicating higher NO emissions with oxygenated blends compared to those of the reference 242 
diesel. All oxygenated blends show higher NO emissions relative to the reference diesel. The NO amount is 243 
found to be higher for the blends containing the higher percentage of oxygen. The higher NO emissions with 244 
oxygenated blends depend on several factors including in-cylinder gas temperature, residence time, fuel-borne 245 
oxygen, fuel properties and injection timing [23]. It was reported earlier that waste cook biodiesel has higher 246 
unsaturated fatty acids than saturated fatty acids [24]. In a review paper authored by Hoekman et al. [25], it 247 
was reported a correlation between unsaturation and higher adiabatic flame temperature that influences NO 248 
formation. Fuel-borne oxygen is another reason for higher NO emissions with oxygenated blends. The 249 
oxygenated blends in this study could help complete combustion due to the fact of fuel-borne oxygen results 250 
in higher NO emissions with the oxygenated blends. Published literature reported higher NOx emissions with 251 
oxygenated fuels [26-30]. Higher NOx emissions are also associated with advanced injection timing [31]. The 252 
higher bulk modulus of biodiesel increases the injection timing that leads to an increase in NOx emissions [32, 253 
33]. Subramanian et al. [34] conducted experiments with diesel and diesel biodiesel blends and reported higher 254 
NOx emissions with advanced injection timing for biodiesel blends. The current investigation is in good 255 
agreement with that published literature [26-34].  It can be seen from Figure 6(c) that the NO emissions are 256 
higher for five oxygenated blends having 6.02 to 14.23% oxygen compared to those of the reference diesel 257 
with 0% oxygen. The changes in NO emissions with five oxygenated blends can be seen in Figure 6(c). 258 
Compared to the reference diesel (0% oxygen), a 6.02% oxygenated blend shows a 2.32% higher NO 259 
emissions, while 10.93%, 12.25%. 13.57% and 14.23% blends show 6.0%, 6.2%, 6.45% and 8.60% higher 260 
NO emissions respectively.  261 
 262 
 263 
Figure 6(a): Mode by mode NO emissions with the reference diesel and oxygenated blends. 264 
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Figure 6(b): Specific NO emissions with the reference 
diesel and oxygenated blends for a 13-mode test cycle. 
 
Figure 6(c): Percent change in specific NO emissions. 
 
 266 
3.3.2 PM emissions 267 
 268 
Figure 7(a) shows a comparison of PM emissions with the reference diesel and five oxygenated blends for an 269 
ESC 13-mode test cycle. The experimental condition for PM measurements is same as described in Figure 6. 270 
PM emissions with each oxygenated blend are lower compared to the reference diesel over the entire 13-mode 271 
ranges. The reductions are greater for a higher percentage of oxygen in the blends. Published literature shows 272 
that the lower PM emissions with oxygenated fuels depend on aromatic content, fuel-borne oxygen [35]. The 273 
lower sooting tendency with oxygenated fuels as generally they are free from aromatics and could also be the 274 
additional factor for PM reductions with oxygenated blends [3, 36]. Soot is the main component of PM 275 
emissions and is reduced with oxygenated blends due to the presence of fuel-borne oxygen at the local fuel 276 
rich region. The presence of fuel-borne oxygen results in a complete combustion that leads to a decrease in 277 
soot formation. Figure 7(b) shows specific PM emissions with the reference diesel and five oxygenated blends 278 
for a 13-mode test cycle weighted with factors in accordance with ESC 13-mode protocol shown in Table 3. 279 
It is clearly evident that the PM emissions are lower for oxygenated blends compared to those of the reference 280 
diesel. The PM reductions are found to be higher with higher fuel-borne oxygen in the blends. The reductions 281 
in PM emissions with five oxygenated blends can be seen in Figure 7(c). Compared to the reference diesel (0% 282 
oxygen), 6.02% oxygenated blend shows a 69.7% lower PM emissions, while 10.93%, 12.25%. 13.57% and 283 
14.23% blends show 82.1% 86.28%, 90.21% and 91% lower PM emissions respectively. The significant 284 
reductions in PM emissions with oxygenated blends are mainly due to the fact of fuel-borne oxygen, absence 285 
of aromatics and sulphur in the oxygenated blends. Reduced PM emissions with oxygenated fuels were 286 
reported in the published literature [3, 27, 35-37]. 287 
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Figure 7(a): Mode by mode PM emissions with the reference diesel and oxygenated blends. 289 
 
Figure 7(b): Specific PM emissions with the reference 
diesel and oxygenated blends for a 13-mode test cycle. 
 
Figure 7(c): Percent change in specific PM emissions. 
 290 
 291 
 292 
3.3.3 PN emissions 293 
Figure 8(a) compares brake specific PN emissions with the reference diesel and five oxygenated blends. Same 294 
experimental conditions for PN measurements prevail as in Figures 6 and 7. The reference diesel having 0% 295 
fuel-borne oxygen shows higher PN emissions for all operating modes. The results in Figure 8(a) are consistent 296 
with those in Figure 7. It can be seen from Figure 8(a) that the PN emissions are much lower with oxygenated 297 
blends compared to those of the reference diesel. It is interesting to note that the lowest PN emissions result in 298 
with the highest percentage of oxygenated blends. The reductions in PN emissions with oxygenated blends are 299 
consistent according to their oxygen percentage. Reduced carbon content and oxygen enrichment in the fuel 300 
blends (refer to Table 2) could reduce particle number concentrations due to probable oxidation of primary 301 
particles [38]. In the current investigation, the reductions in PN emissions with the oxygenated blends are in 302 
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the chronological order of 0%, 6.02%, 10.93%, 12.25%, 13.57% and 14.23%. Figure 8(b) depicts specific PN 303 
emissions for the same fuels for a 13-mode test cycle weighted with factors in accordance with ESC 13-mode 304 
protocol. It is obviously seen that the specific PN emissions are lower for oxygenated blends compared to those 305 
of the reference diesel with 0% oxygen. The higher specific PN reductions are found to be higher fuel-borne 306 
oxygenated blends. The changes in specific PN emissions with five oxygenated blends relative to the reference 307 
diesel can be seen in Figure 8(c).  Compared to the reference diesel, the reductions in specific PN emissions 308 
with the 6.02%, 10.93%, 12.25%, 13.57% and 14.23% blends are found to be 34.24%, 57.65%, 67.68%, 309 
69.36% and 75.8% respectively. 310 
 311 
Figure 8(a): Mode by mode PN emissions with the reference diesel and oxygenated blends. 312 
 
Figure 8(b): Specific PN emissions with the reference 
diesel and oxygenated blends for a 13-mode test cycle. 
 
Figure 8(c): Percent change in specific PN emissions. 
 
 313 
 314 
Figures 9(a-c) represent the particle number (PN) size distributions for three different speeds at 25% of full 315 
load. The peaks with the reference diesel and oxygenated blends can be found larger at higher speeds. The 316 
peaks with the reference diesel were found to be in the range from 64.94 nm to 74.99 nm for all three engine 317 
speeds. However, the peaks for the oxygenated blends with the same three speeds range from 48.70 nm to 318 
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64.94 nm. It is interesting to note that all oxygenated blends consistently reduce PN emissions for all three 319 
speeds. It is reported that the PN reduction is due to the presence of fuel-borne oxygen, less aromatic and 320 
sulphur in the oxygenated blends [39]. Liang et al. did an experiment with oxygen enrichment and water-diesel 321 
emulsion to investigate the effect of oxygen enriched combustion [40] and reported lower PN emissions with 322 
oxygen enrichment at accumulation mode. Nabi et al. [1] also reported lower PN emissions with oxygenated 323 
fuels. The current investigation is in good agreement with those in references [1, 36, 39, 40].   324 
 325 
 
  
 326 
Figure 9: PN concentrations and size distributions at 25% load;  327 
(a) 1472 rpm; (b) 1865 rpm and (c) 2257 rpm  328 
 329 
Figure 10(a) shows the specific PM emissions versus specific NO emissions for a 13-mode test cycle with the 330 
reference diesel and five oxygenated blends. As anticipated, the PM is inversely proportional to NO with a 331 
very high R2 of 0.992. Figure 10(a) indicates that the reference diesel produces highest PM emissions among 332 
the six fuels, followed by the oxygenated blends in the order of 6.02%; 10.93%; 12.25%; 13.57% and 14.23%. 333 
The oxygenated blends produce significantly lower PM emissions compared to those of the reference diesel, 334 
especially 14.23% blend reduced PM emissions remarkably to a lower level while higher NO emissions were 335 
realized with the oxygenated blends. The correlation coefficient (R2) between PM-NO is found to be 0.9258. 336 
Figure 10(b) shows the specific PN emissions versus specific NO emissions for a 13-mode test cycle with the 337 
reference diesel and five oxygenated blends. Similar to PM-PN, PN-NO trade-off is consistent with a high 338 
coefficient regression of 0.9721. The simultaneous reductions in PM and NO with oxygenated blends can be 339 
achieved by employing exhaust gas recirculation, retarding injection timing or introducing exhaust after-340 
treatment system. Tse et al. [36] reported simultaneous reductions in PM and NOx emissions by blending 341 
DBE, an oxygenated with ethanol. Murayama et al. [2]  found reduced smoke and NOx emissions with exhaust 342 
gas recirculation and an oxygenated dimethyl carbonate. Ren et al. [41] did engine experiments with diglyme 343 
and reported simultaneous reductions in smoke and NOx emissions.    344 
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 Figure 10 (a): PM-NO trade-off for a 13-mode test 
cycle with the reference diesel and oxygenated blends. 
 
Figure 10 (b): PN-NO trade-off for a 13-mode test 
cycle with the reference diesel and oxygenated blends. 
 345 
Figure 11(a) is a graphical representation of the correlation between specific PN and PM emissions for all 13-346 
mode with the reference diesel and five oxygenated blends. One can easily see, the reference diesel produces 347 
higher PN and PM emissions compared to those of oxygenated blends. The PN-PM regression coefficients 348 
(R2) for all six fuels range from 0.65 to 0.71. Figure 11(b) exhibits the correlations between specific PN and 349 
PM emissions for a 13-mode test cycle for the same fuels as in Figure 11(a). The correlation coefficient in this 350 
case, was found to be 0.9847. Based on the results in Figure 11, it can be concluded that significant reductions 351 
in PN and PM are established with five oxygenated blends. Wang et al. [42] conducted experiments with diesel 352 
and biodiesels in a turbocharged common-rail diesel engine and reported simultaneous reductions in both PM 353 
and PN concentrations.  354 
 355 
  
 
 356 
Figure 11: (a): Correlation between PM and PN emissions for the reference diesel and oxygenated blends. 357 
 (b): Correlation between PM and PN emissions for a 13-mode test cycles. 358 
 359 
 360 
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3.3.4 UBHC emissions 363 
The UBHC is also a diesel engine pollutant produced from over rich fuel mixtures. The UBHC amount in the 364 
exhaust depends upon different engine operating parameters including the characteristics of fuel spray and the 365 
mixing of air and fuel spray in the combustion chamber [43]. Figure 12(a) exhibits UBHC emissions with the 366 
reference diesel and five oxygenated blends. Several reports [44-46] elucidate, fuels with higher cetane number 367 
reduce UBHC; conversely, lower cetane number fuels prolong ignition delay that could allow the spray of fuel 368 
to penetrate into the combustion chamber leads to impinge on the combustion chamber wall results in an 369 
increase in UBHC [44]. It is clearly seen from Figure 12(a), all oxygenated blends reduce UBHC emissions at 370 
every operating mode. Compared to the reference diesel, B100 having an oxygen content of 10.93% reduces 371 
the maximum amount of UBHC emissions. This has several reasons, the B100 (10.93% oxygen) has the highest 372 
cetane number (Table 2), which could reduce the ignition delay results in a reduced UBHC emissions with 373 
B100 (10.93%) blend. Adding triacetin to biodiesel reduces the cetane number of the triacetin-biodiesel blends 374 
(Table 2). Thus, the UBHC reductions with triacetin-biodiesel blends (12.25%, 13.57% and 14.23%) are less 375 
than those of B100 (10.93%) blend. Figure 12(b) is a representation of a cyclic UBHC for the six fuels 376 
including the reference diesel. Figure 12(b) clearly shows the highest amount of UBHC produced by the 377 
reference diesel, while the least amount of UBHC is produced by the 10.93% blend. All other oxygenated 378 
blends still show less UBHC emissions compared to those of the reference diesel. Relative to the reference 379 
diesel, the reductions in UBHC by oxygenated blends are in the range of 30-55% (Figure 12(c)). Karavalakis 380 
et al. [43] reported lower UBHC emissions with methyl esters at all engine loading conditions. Nabi et al. [47] 381 
claimed lower UBHC emissions with an oxygenated blend and an ester blend. Concerning UBHC emissions, 382 
the current study is aligned with the published literature.  383 
 384 
Figure 12(a): Mode by mode UBHC emissions with the reference diesel and oxygenated blends. 385 
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 Figure 12(b): Specific UBHC emissions with the 
reference diesel and oxygenated blends for a 13-
mode test cycle. 
 
Figure 12(c): Percent change in specific UBHC 
emissions. 
 387 
3.3.5 CO emissions  388 
Figure 13(a) exhibits CO emissions with the reference diesel and five oxygenated blends. As seen in Figure 389 
13(a), as a whole, CO emissions are higher for higher engine loads, which are generally typical of all internal 390 
combustion engines due to decrease in air-fuel ratios with the increase in engine loads [43]. From Figure 13(a), 391 
in general, CO emissions were reduced with the oxygenated blends for a wide operating mode range except 392 
mode 7 and 11. Figure 13(b) shows the ESC 13-mode cyclic CO emissions for the same six fuels. Relative to 393 
the reference diesel, all oxygenated blends reduce specific CO emissions. Compared to the reference diesel 394 
fuel, the reductions in specific CO emissions are 20.60%, 30.11%, 27.19%, 25.39% and 22.13% with the 395 
blends having fuel-borne oxygens of 6.02%, 10.93%, 12.25%, 13.57% and 14.23% respectively (Figure 13(c)). 396 
Published literature [6, 7, 43, 48] showed lower CO emissions with oxygenated fuels. The current investigation 397 
is in good agreement with other researchers’ work.  398 
 399 
 400 
Figure 13(a): Mode by mode CO emissions with the reference diesel and oxygenated blends. 401 
0
1
2
3
4
5
6
7
0% 6.02% 10.93% 12.25% 13.57% 14.23%
Sp
 U
B
H
C
 (
g/
kW
h
)
Fuel-borne oxygen -60
-50
-40
-30
-20
-10
0
0% 6.02% 10.93% 12.25% 13.57% 14.23%
C
h
an
ge
s 
in
 s
p
 U
B
H
C
 
e
m
is
si
o
n
s 
(%
)
Fuel-borne oxygen
0
100
200
300
400
500
1 2 3 4 5 6 7 8 9 10 11 12 13
C
O
 (
p
p
m
)
Mode number
0% 6.02% 10.93%
12.25% 13.57% 14.23%
 
Figure 13(b): Specific CO emissions with the 
reference diesel and oxygenated blends for a 13-
mode test cycle. 
 
Figure 13(c): Percent change in specific CO 
emissions. 
 402 
 403 
3.4 Engine performance 404 
3.4.1 Brake power and brake specific energy consumption (BSEC) 405 
Figure 14 shows the engine brake power for the reference diesel and five oxygenated blends. As can be seen, 406 
brake power is higher for the higher engine loads. As expected that all oxygenated blends show less power 407 
than that of the reference diesel due to the fact of lower heating values of the oxygenated blends (Table 2). 408 
Figure 15 illustrates the BSEC for the same six fuels. The BSEC was calculated by the following formula: 409 
 410 
𝐵𝑆𝐸𝐶 =  
𝐿𝐻𝑉 × 𝑚𝑓̇
𝐵𝑃
 411 
Where,  412 
LHV is the fuel heating value 413 
𝑚𝑓̇  is the mass flow rate of fuel 414 
BP is the brake power 415 
 416 
A slight improvement in BSEC with the oxygenated blends especially with the B100 (10.93% oxygen) blend 417 
can be found up to mode 8 and then BSEC deteriorates for the rest modes. The reason for BSEC deterioration 418 
with the oxygenated blends could be the higher viscosity, density and the interaction between fuel and air. 419 
 420 
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Figure 14: BP of the reference diesel and oxygenated 
blends. 
 
 
Figure 15: BSEC for the reference diesel and 
oxygenated blends. 
 422 
 423 
3.4.2 Combustion peak pressure, boost pressure and rate of pressure rise 424 
 425 
Mode by mode combustion peak pressure for the reference diesel and four other oxygenated blends is plotted 426 
in Figure 16. Data for the 14.23% oxygenated blend is not available due to data file corruption. As can be seen 427 
from Figure 16 that the combustion peak pressure increases with the increase in engine loads for all three 428 
speeds (Modes 2, 6, 8, 10 and 12). Compared to the reference diesel, all oxygenated blends show lower peak 429 
pressures over the entire modes. This is due to the fact of lower energy (heating value) of oxygenated blends. 430 
The result of peak pressure is consistent with that of boost pressure (Figure 17) with the same fuels and same 431 
engine operating conditions. Figure 18 exhibits the rate of maximum pressure rise for the same five fuels 432 
described in Figures 16 and 17 under the same operating conditions. As seen from Figure 18, there is a little 433 
or no significant variation in the rate of maximum pressure rise with the oxygenated blends. However, the 434 
variations exist among the fuels at an idle mode 1.   435 
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Figure 16: Effect of fuel oxygen on peak pressure. 
 
Figure 17: Effect of fuel oxygen on boost pressure. 
 437 
Figure 18: Rate of maximum pressure rise. 438 
 439 
Based on the results discussed in Section 3, it can be concluded that triacetin blends have lower equivalence 440 
ratios compared to those of diesel fuel. Lower equivalence ratios indicate the higher excess air ratios as there 441 
is a reciprocal relation between the two. The equivalence ratios were determined based on the actual fuel air 442 
ratios and stoichiometric fuel ratios. The results confirmed that the triacetin blends result in a leaner 443 
combustion. Most of the emissions with triacetin blends reduced due to the several factors including fuel 444 
oxygen, low or absence of fuel sulphur and aromatics, higher cetane number. Regarding engine performance 445 
including brake power and brake specific energy consumption, triacetin blends show lower and higher 446 
respectively due to the lower energy content in the blends. 447 
 448 
In the current investigation, authors investigated the effect of addition of triacetin to waste cooking biodiesel 449 
on engine performance and exhaust emissions. Although no experiments with additives other than triacetin to 450 
waste cooking biodiesel were conducted in this investigation, however a thorough search for the literature 451 
4500
5500
6500
7500
8500
9500
10500
1 2 3 4 5 6 7 8 9 10 11 12 13
P
e
ak
 p
re
ss
u
re
 (k
P
a)
Mode number
0% 6.02% 10.9%
12.3% 13.6%
75
125
175
225
275
1 2 3 4 5 6 7 8 9 10 11 12 13
B
o
o
st
 p
re
ss
u
re
 (k
P
a)
Mode number
0% 6.02% 10.9%
12.3% 13.6%
200
400
600
800
1000
1 2 3 4 5 6 7 8 9 10 11 12 13
R
at
e
 o
f 
p
re
ss
u
re
 r
is
e
 (
kP
a/
D
C
A
)
Mode number
0% 6.02% 10.9%
12.3% 13.6%
confirmed lower diesel emissions (most of the diesel emissions) with waste cooking biodiesel-additive blends. 452 
Jindal et al. [49] conducted experiments with waste cooking biodiesel-diesel and biodiesel-butanol blends. 453 
Higher HC, NOx emissions and lower CO emissions with butanol blends were reported by the authors. Lower 454 
HC, CO and higher NOx emissions with the biodiesel blends were also reported by the authors. Kannan et al. 455 
[50] added ferric chloride as a fuel borne catalyst to waste cooking biodiesel and reported lower emissions 456 
except CO2 with the fuel borne catalyst-biodiesel blend. As diesel NOx and PM are the main concern for the 457 
engine and fuel researchers, the reductions in NO and NOx emissions with triacetin could be done with the 458 
application of exhaust gas recirculation and fine tuning of injection timing. It is established [6, 51-53] that 459 
introduction of exhaust gas recirculation and retarded injection timing reduced NOx emissions with 460 
oxygenated fuels. Excluding NOx emissions, other diesel emissions including PM, PN, CO and THC emissions 461 
can be reduced with the oxygenated fuels like waste cooking biodiesel and triacetin blends.  462 
 463 
4. CONCLUSIONS 464 
 465 
This study investigated the role of fuel-borne oxygen on engine performance and exhaust emissions with a 466 
number of oxygenated blends using waste cooking biodiesel as a base oxygenated and triacetin as additive 467 
under the 13-mode European Stationary Test Cycle. A reference diesel was used for comparison. The results 468 
of this investigation may be summarized as follows: 469 
 470 
 NO emissions with the oxygenated blends were higher than those of the reference diesel. A maximum of 471 
9% higher NO emissions were observed with the oxygenated blends. Introduction of exhaust gas 472 
recirculation and/or retardation of injection timing could reduce NO emissions and thus, needs further 473 
investigation. 474 
 All oxygenated blends reduced PM and PN emissions relative to those of the reference diesel. Compared 475 
to the reference diesel, a maximum of 91% PM reductions and 76% PN reductions were observed with the 476 
oxygenated blends. 477 
 A correlation between PM and PN was observed in the fuels. The correlation revealed that blends of higher 478 
oxygen percentage simultaneously reduce both PM and PN emissions to a significantly low level.  479 
 UBHC and CO emissions were reduced with the oxygenated blends. A maximum of 30% CO reductions 480 
and 55% UBHC reductions were observed with the oxygenated blends.  481 
 Less power, peak pressure and boost pressure were observed with the oxygenated blends and the 482 
deterioration of BSEC was observed due to lower density, viscosity and the lower heating value of the 483 
oxygenated blends. 484 
 Introduction of exhaust gas recirculation and/or retarded injection timing with waste cooking biodiesel-485 
triacetin blends could simultaneously reduce NO, PM, PN and other diesel emissions.  486 
 487 
 488 
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